ABSTRACT: Resonant semiconductor metasurfaces are an emerging versatile platform for nonlinear photonics. In this work, we investigate second-harmonic generation from metasurfaces consisting of two-dimensional square arrays of gallium arsenide nanocylinders as a function of the polarization of the fundamental wave. To this end, we perform nonlinear second harmonic microscopy, where the pump wavelength is tuned to the resonances of the metasurfaces. Furthermore, imaging the generated nonlinear signal in Fourier space allows us to analyze the spatial properties of the generated second harmonic. Our experiments reveal that the second harmonic is predominantly emitted into the first diffraction orders of the periodic arrangements, and that its intensity varies with the polarization angle of the fundamental wave. While this can be expected from the structure of the GaAs nonlinear tensor, the characteristics of this variation itself are found to depend on the pump wavelength. Interestingly, we show that the metasurface can reverse the polarization dependence of the second harmonic with respect to an unstructured GaAs wafer. These general observations are confirmed by numerical simulations using a simplified model for the metasurface. Our results provide valuable input for the development of metasurface-based classical and quantum light sources based on parametric processes.
M
etasurfaces composed of designed high-refractive-index semiconductor nanoparticles supporting electric and magnetic multipolar Mie-type resonances offer unique opportunities for controlling the properties of light fields transmitted through them or reflected from them.
1,2 Importantly, they can exhibit very low losses for operation frequencies below the fundamental electronic bandgap energy of the respective constituent semiconductor material. Such metasurfaces can, for example, impose a spatially variant phase shift onto an incident light field, thereby providing control over its wavefront with high transmittance efficiency. 3−6 However, most semiconductor metasurfaces realized so far were studied in the regime of linear optics. More recently, a growing amount of research is concentrating on the nonlinear optical properties of resonant semiconductor metasurfaces. This research has already demonstrated that semiconductor metasurfaces, as well as their individual building blocks, provide an efficient platform for enhancing and manipulating various nonlinear optical effects. These include third-harmonic generation (THG), 7 − 9 second-harmonic generation (SHG), 10−13 two-photon absorption, 14, 15 and higher-order nonlinear frequency generation and mixing processes, 16−19 as well as intensity dependent refractive index 15, 20 and photon acceleration. 21 Coherent processes are of particular interest in the context of spatially varying metasurfaces, as they enable the generation of nonlinear light fields with tailored wave fronts. This was previously shown for plasmonic metasurfaces. 22, 23 However, the nonlinear conversion efficiencies of plasmonic Special Issue: Ultra-Capacity Metasurfaces with Low Dimension and High Efficiency metasurfaces are rather low, on the order of 10 −11 for THG, 24 and their high absorption losses are a major disadvantage. In contrast, in addition to exhibiting low absorption losses, semiconductor metasurfaces can reach THG (SHG) conversion efficiencies of up to 10 −6 (10 −4 ).
9,11
The strong nonlinear-optical response of semiconductor metasurfaces arises from the near-field enhancement inside the high-refractive index semiconductor nanoparticles when excited resonantly in combination with the strong second-order (for noninversion-symmetric semiconductor crystal structure) and third-order (for both inversion-symmetric and noninversionsymmetric crystal structure) nonlinear susceptibilities of constituent semiconductor materials. Additionally, and more intriguingly, the design of the nanoresonators and their in-plane arrangement offer many degrees of freedom for engineering both the near-field and far-field patterns of the metasurfaces. For instance, control of the near-field components of the excitation light field allows for accessing the strong secondorder nonlinear susceptibilities of III−V compound semiconductors such as gallium arsenide (GaAs), 12 ,25−28 aluminum gallium arsenide (AlGaAs), 10, 11 or gallium phosphide. 29 Their nonlinear susceptibility tensor features only off-diagonal components (χ ijk (2) ≠ 0 for i ≠ j ≠ k otherwise zero), 30 which can be very large, but are not suited for efficient SHG in bulk materials. In addition to the usual phase matching challenge in bulk nonlinear materials, for III−V semiconductors having a zincblende lattice structure and the mentioned nonlinear tensor structure, excitation of a (100) cut wafer at normal incidence only induces a nonlinear polarization, which generates an electric dipole radiating perpendicular to the excitation. Moreover, for SHG frequencies exceeding the electronic bandgap energy of the GaAs, the generated SHG is efficiently absorbed inside bulk GaAs, leading to a vanishing SHG signal. The complex local field structure of designed nanoresonators and their subwavelength dimensions offer a promising route to overcome these problems. Furthermore, engineering of the radiation patterns of the nanoresonators at the generated nonlinear frequency provides control of the direction into which the nonlinearly generated wave is emitted. This was demonstrated both theoretically 31 and experimentally 11 for SHG from individual nanoresonators. The polarization of the emitted second-harmonic field 11, 32 and the dependence of the SHG signal on the polarization of the pump field 32, 33 were also studied.
While previous research has clearly demonstrated that Mieresonant III−V semiconductor metasurfaces are promising candidates for the efficient and controlled generation of tailored nonlinear light fields with near-infrared to visible conversion efficiencies on the order of 10
, 12 a deeper understanding of the experimental factors governing nonlinear frequency generation in such metasurfaces is highly desirable. Importantly, with respect to prior studies performed for single, isolated nanoresonators, 11 the periodic arrangement in the metasurfaces adds additional complexity to the already complex system characterized by tensorial nonlinear susceptibilities and a resonant mode structure. As a first important consequence of the periodic arrangement, semiconductor metasurfaces with Mie-resonances at the pump frequency show diffractive behavior at the SHG and THG frequencies. This is essentially unavoidable due to the typical dimensions of the resonators, which impose minimum requirements for the choice of the lattice constant. As a second consequence for the case of highly symmetric nanoresonators such as nanocylinders, the overall symmetry of the nanostructure will be reduced by the periodic arrangement. This can be expected to introduce an additional source of polarization dependence of the nonlinear optical response. However, none of these effects was systematically studied so far.
Here we experimentally investigate, for the first time to our knowledge, the spatial emission characteristics and pump polarization dependence of SHG from metasurfaces composed of gallium arsenide nanocylinders excited at the spectral position of their fundamental electric and magnetic dipolar Mie-type resonances. Using Fourier imaging, we show that the generated second harmonic is predominantly emitted into the first diffraction orders of the periodic array. We furthermore study the nonlinear signal emitted into the different diffractive channels as a function of the excitation polarization, revealing a sensitive dependence, which varies with excitation wavelength. Most importantly, we identify experimental conditions for which the polarization dependence of the SHG efficiency is fundamentally changed with respect to a bulk wafer structure.
Finally, using a simplified model for our experimental structure, we perform numerical calculations in the undepleted pump approximation of the SHG emitted into the different diffraction orders of the metasurface, reproducing our main observations.
■ RESULTS AND DISCUSSION
GaAs Metasurface. A sketch of the metasurface geometry and experimental setting is shown in Figure 1a . Fabrication starts with molecular beam epitaxial growth of a AlGaAs/GaAs stack on top of a semi-insulating (100)-oriented GaAs substrate. Next, single-crystalline GaAs nanocylinders are defined using electron-beam lithography, inductively coupledplasma etching, and selective oxidization of the Al x Ga 1−x As layers to (Al x Ga 1−x ) 2 (010) and (001) crystal directions of the GaAs wafer, indicated by c x and c y , with respect to the metasurface lattice directions x and y. Additionally, the orientation of the pump polarization defined by the angle α is indicated.
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Article approximately 700 μm × 700 μm. The fabricated metasurface is designed to support electric and magnetic dipolar Mie-type resonances in the 870−1040 nm wavelength range, bounded by the absorption edge of GaAs and the longest wavelength accessible with our excitation laser system. The lattice period is 755 nm, assuring that the structure does not diffract the excitation wavelengths in the near-infrared spectral range. For the corresponding second-harmonic (SH) wavelengths, in contrast, additional first order diffraction occurs.
The GaAs substrate is oriented in the (100)-direction, and the directions of the crystalline (010)-and (001)-axes are indicated in Figure 1c by the c x and c y directions, respectively. These crystalline axes are oriented at 45°with respect to the xand y-coordinate axes of the rectangular periodic structure of the metasurface. The polarization direction of the linearly polarized excitation beam at the fundamental harmonic (FH) frequency, whose influence we study in this work, is defined via the angle α with respect to the x-direction, as also indicated in Figure 1c .
A scanning electron microscopy (SEM) image of the fabricated metasurface is depicted in Figure 2a , where the inset in Figure 2b shows a cross-section image of the structure prepared by focused-ion-beam (FIB) milling. A platinum cover layer is applied for FIB milling to increase the contrast, but it is not present for the optical experiments. The GaAs nanocylinders are sandwiched between an SiO 2 cap on the top and a (Al x Ga 1−x ) 2 O 3 pedestal on the bottom. Additionally, due to overetching, an additional GaAs pedestal is formed below the oxide layer.
As a first step, to characterize the linear-optical properties of the fabricated metasurface we measure reflection spectra for input polarization angles α = 0°and α = 90°using a Fouriertransform infrared spectrometer (Bruker VERTEX 80v) attached to an infrared microscope (Hyperion 2000) with an NA = 0.10 objective. A tungsten halogen lamp was used as a light source. All measured spectra were referenced to corresponding reflection spectra of a silver mirror. The results are displayed in Figure 3a . For both polarizations, we can identify three distinct resonances at 890, 970, and 1030 nm. While the resonance at 890 nm shows the same level of reflectivity for both orthogonal polarizations, the metasurface exhibits pronounced anisotropic behavior at larger wavelengths, including the resonance wavelengths of 970 and 1030 nm. This anisotropy is likely due to a slight asymmetry in the fabricated structure.
To compare our measured reflectance spectra with theory, we performed numerical simulations using a time-harmonic finite-element method. 35, 36 In our model, we considered a periodic unit cell of the full complex layer stack, illuminated with plane waves in a wavelength range between 850 and 1100 nm. Geometrical parameters are obtained from FIB cross section images of the experimental samples (see Figure 2b ). For the refractive indices of the materials we used: literature values for the GaAs, 37 and nondispersive constant values of 1.60 for the oxide AlGaO 34 and 1.45 for the cap material. Periodic boundary conditions were employed. The simulation results are shown in Figure 3b . In the simulation, a perfectly symmetric structure was assumed, which leads to identical results for both orthogonal input polarizations. For calculations performed at normal incidence, we can identify two resonances at 890 and 1030 nm. However, the resonance at 970 nm could not be excited in the simulations that assume normal incidence planewave excitation. Thus, in order to emulate the effect of excitation with a finite NA as used in the experiment, we furthermore performed simulations with tilted plane-wave excitation (incident angle β). This allowed us to excite the additional resonance in the simulations. Since this mode is 
Article symmetry-forbidden under normal-incidence excitation, it is here referred to as "symmetry-forbidden mode" (SM). Such modes were previously described for plasmonics 38 and for dielectric metasurfaces. 39 Note that the spectral position and strength of the SM depend on the incidence angle.
The near-field distributions for the three resonances are visualized in Figure 3c −e only for close-ups of the GaAs disks, where the observed fields are much stronger than in the other layers. Based on these, we can identify the resonance at 890 nm as the electric dipole (ED) resonance and the one at 1030 nm as the magnetic dipole (MD) resonance of the nanocylinders. The field distribution of the SM resonance is more complicated, pointing toward a hybrid-mode character with contributions from several multipolar orders.
We also performed linear-optical measurements and simulations for the SH wavelengths. Due to the high absorption of GaAs in this spectral domain, no well-defined resonances could be identified.
Experimental Investigation of SHG Polarization Dependence. Next, in order to investigate the polarization dependence of the generated SH, we performed second harmonic Fourier imaging using a home-built setup. A sketch of the setup is shown in Figure 4a . The sample is excited by a pulsed tunable Ti:sapphire laser (Spectra Physics -MaiTai HP DeepSee) with pulse durations around 100 fs. The laser beam is brought to the sample by a 90:10 nonpolarizing beam splitter (Thorlabs BS025) and focused onto the sample by a microscope objective (Zeiss 100×/0.75 epiplan) with a numerical aperture of NA = 0.75. By adjusting the excitation beam diameter to underfill the entrance pupil of the microscope objective, we reduce the excitation NA to obtain an FH spot-size of about 7 μm diameter, thus exciting on average about 9 × 9 nanocylinders in the metasurface. The generated SH is collected making use of the full NA of the microscope objective to collect all propagating diffraction orders, namely the zeroth and the first orders. The reflected FH is filtered out by a short-pass filter, while the spatial spectrum of the SH at the back focal (BF) plane of the microscope objective is imaged onto an electron-multiplying CCD camera (Andor iXon3 EMCCD) using an additional lens (Thorlabs LA1708, focal length 200 mm, 1 in. diameter) in a 2f geometry (BF-lens in Figure 4a) . Alignment of the BF lens was performed using a blue laser with emission wavelength of 473 nm close to the SH wavelength. The distance between sample and Fourier plane is ∼25 cm. This allows us to separately analyze the SHG signal emitted into the different diffraction orders due to the periodic arrangement in the metasurface. We control the FH polarization via a half-wave plate (HWP, Thorlabs AHWP05M-980) behind the last reflecting optical element in front of the sample. This way, we avoid different phase additions for the TE and TM polarized components of the FH in the reflecting beamsplitter and mirrors, which would lead to elliptical polarization states of the FH. The retardation of the SH light accumulated by passing through this HWP at angle α/2 is compensated by a second identical HWP oriented at angle (90°+ α/2) in the detection path.
As a first set of nonlinear measurements, we confirm that we indeed observe SHG by measuring the quadratic power dependence of the generated light. Figure 4b shows the SH power obtained by integrating all counts within one frame of the CCD-camera as a function of the FH input power. The excitation wavelength was subsequently tuned to 940 and 1020 nm wavelength to excite the metasurface at its electric dipole resonance and the symmetry-forbidden resonance, respectively. Note that in these measurements, a sample with slightly bigger dimensions was used in order to avoid the risk of structural damage of our primary sample for high excitation powers. For this sample, the MD resonance occurs beyond the tuning range of our laser and could thus not be excited. For both measured resonances, we find the expected quadratic increase of the measured signal with the FH power.
The results of the second-harmonic nonlinear Fourier imaging measurements are summarized in Figure 5 . Figure  5a ,b shows two exemplary momentum-space intensity distributions of the generated SH light for x-polarized excitation at the ED and SM resonance, respectively. At the SH wavelength, the metasurface behaves like a grating, channeling the emission into the directions defined by diffraction. As governed by the ratio of lattice periodicity and wavelength, only the zeroth and first diffraction orders are propagating modes, while higher orders remain evanescent. Importantly, Figure 5a clearly shows a vanishing zeroth diffraction order in the center (region marked by the black square), such that most of the SH light is emitted into the first orders in the x-and y-directions, marked by red and blue squares, respectively. The dashed white circle indicates the NA of the objective. The white crosses in (b) provide the positions of the diffraction orders calculated by applying the diffraction condition to our periodic arrangement.
The vanishing zeroth order of the ED resonance is in agreement with previous works on single AlGaAs nanocylinders, 31, 40 showing vanishing emission in the direction normal to the substrate plane. This phenomenon can be explained by the symmetry of the nanocylinders in combination with the structure of the AlGaAs nonlinear susceptibility tensor, which is identical to that of GaAs. Here, for FH polarization along the x-or y-directions, fields along the two different inplane axes of GaAs are excited in the metasurface, leading to SHG which is mostly polarized along the z-direction and, 
Article therefore, not propagating normal to the substrate plane. In contrast, Figure 5b shows a nonvanishing zeroth order SH for x-polarized excitation at the SM resonance. This may be explained by a break of the condition leading to a vanishing zeroth diffraction order due to the unintentional asymmetry of the structure evident from the polarization dependence of the linear reflection spectra. Note, however, that the SEM images and FIB cross sections do not show any obvious structural asymmetries. Thus, we cannot unambiguously assign the observed polarization dependence of the linear-optical response to any particular type of asymmetry, but have to consider various possibilities, including e.g. asymmetries in the tilt of the side walls and higher-order deviations from a circular pillar cross section. While our results indicate that zeroth order SH emission can be achieved from a GaAs metasurface, this effect and its dependence on structural asymmetries will require further investigation, e.g. by introducing a controlled symmetry break in the structure. Interestingly, for dielectric Fanoresonant metasurfaces in the linear-optical regime asymmetry was already shown to allow for low-NA normal incidence coupling to modes with out-of-plane dipole moments. 39 Finally, to study the polarization dependence of the generated SH, we measure the SH diffraction patterns at the three resonances as a function of the FH input polarization. We obtain the SH intensities of the different orders by integrating over the areas enclosed by the colored squares, where we average contributions from the +first and −first orders in the xand y-directions, respectively. The overall SH intensity is provided as the sum of all orders (the corresponding integration area is indicated by the green squares). Figure  5c −e shows the measured SH intensities for the different resonant excitation wavelengths and as a function of the FH polarization. The curves for the diffraction orders are colorcoded to match those of the squares in Figure 5a .
The results for the ED resonance at an FH wavelength of 890 nm are shown in Figure 5c . In this case, for all diffraction orders with a non-negligible SHG signal, and correspondingly also for the total signal, the strongest SHG is observed for FH polarizations along the symmetry axes of the metasurface, that is, for an inclination of 45°with respect to the equivalent (010)-and (001)-crystalline axes of GaAs (see Figure 1c) . This behavior is in accordance with previous studies performed for single III−V semiconductor nanocylinders and with the structure of the nonlinear tensor of the GaAs, which permits only nonlinear interactions involving three differently oriented field components.
A qualitatively different behavior can be observed at the SM resonance, plotted in Figure 5d . Here, the largest total SH emission is found for FH polarizations along the GaAs crystal axes, that is, oriented at 45°with respect to the symmetry axes of the metasurface. A similar FH polarization dependence is found for SH emission into the first diffraction orders. The zeroth diffraction order, on the other hand, shows a significant intensity for x-polarized FH excitation only. The nominal symmetry of the metasurface with respect to 90°changes of the FH polarization is broken in this zeroth diffraction order, an effect which was already noted in the linear reflection spectra. We find the FH polarization dependence of the SHG at the MD resonance (see Figure 5e ) to be dominated by this symmetry break, exhibiting only one maximum for y-polarized FH excitation in each diffraction order as well as in the total signal.
Qualitatively the same results could be measured on a sample with slightly bigger dimensions (see Supporting Information).
Our results demonstrate that control of the FH polarization allows for tuning the SH response of resonant GaAs metasurfaces, where the polarization dependence of the generated SH itself can be tailored by the resonance properties of the metasurface. Surprisingly, this includes a case where the maximum SHG efficiency is achieved for excitation along the crystalline axis of GaAs, which would not be possible in unstructured bulk GaAs due to the specific nonlinear tensor structure of this material.
Simulation of SHG Polarization Dependence. To qualitatively reproduce and explain our experimental findings, we extend our linear finite-element simulations of the GaAs metasurfaces to the nonlinear-optical regime using the undepleted pump approximation. To simulate SHG by the metasurface, the electric near field excited by the incident FH plane wave is used to calculate the induced nonlinear polarization in the nanocylinders as
where the nonlinear tensor has only elements coupling all three polarization directions. The resulting nonlinear polarization is used as a source term at the SH frequency for computing SH 
Article field propagation in a second set of simulations (see Methods section). Note that our model captures a simplified, idealized version of the experimental sample only. As already the case for the linear-optical simulations, the individual constituents of the metasurface are modeled as rotationally symmetric cylinders. Consequently, the anisotropy observed in the linear and nonlinear polarization-resolved spectroscopy is not reproduced. Furthermore, the nonlinear simulations assume normalincidence plane-wave excitation, thus limiting the analysis to the excitable ED and MD resonances. The intensities of the calculated SH diffraction orders for excitation at the ED (MD) resonance at 890 nm (1030 nm), are shown in Figure 6a ,b as a function of α. The zeroth order has zero intensity in all simulations due to the symmetry of the metasurface and the structure of the nonlinear tensor. 31 For the other diffraction orders (red and blue lines) and the total emitted SH (green lines), the two resonances show a qualitatively different behavior. The SH generated at the ED resonance in Figure  6a has its maxima at input polarizations along the metasurface symmetry axes, in accordance with our measurement results. This is expected, 11, 31, 40 as the electric dipole mode is characterized by linear electric field components inside the nanocylinders which are predominantly oriented in the direction of the incident polarization, and since the nonlinear tensor of GaAs permits only nonlinear interactions involving three differently oriented field components. For FH polarization along the x-or y-directions, fields along both in-plane crystal axes of GaAs are excited in the metasurface, creating a zpolarized dipolar nonlinear polarization leading to SHG emission in the first diffraction orders. Other components of the nonlinear polarization corresponding to higher-order (Mietype) modes are also excited but do not significantly contribute to SHG radiation. For FH polarizations with α = 45°, predominantly fields along only one in-plane crystal axis of GaAs are excited, suppressing the z-polarized nonlinear polarization. As again the induced other components of the nonlinear polarization do not significantly contribute to SHG radiation, much less SH than for α = 0°is emitted.
In contrast to this, the SH excited at the MD resonance in Figure 6b has higher intensities at α = 45°and 135°. This qualitatively reproduces the behavior we found in our measurements at the SM resonance, although these are two different resonances. Our simulations show, however, that this nonintuitive behavior can be found also in metasurfaces with circularly symmetric constituents and is not only caused by the asymmetry of the experimental structures. The possibility of nonzero SHG for FH polarizations along the in-plane crystal axes can be explained by the more complex local field structure of the magnetic and symmetry-forbidden resonances at the FH frequency, allowing fields to be excited along more than a single crystal axis of GaAs.
The transition between maximum SHG at the metasurface symmetry axes and at the GaAs crystal axes is visualized in Figure 6c , where we plot the contrast between the integrated SH intensities emitted at α = 0°and 45°FH polarization angles 
The contrast C SH , plotted with the green line in Figure 6c together with the simulated linear reflection spectrum in gray as a function of the FH wavelength, is positive for wavelengths below 1000 nm. This corresponds to the spectral region where the nonlinear excitation is dominated by resonant (around the ED resonance) or off-resonant (in between the two resonances) electric dipolar response at the FH wavelength. Here, the maximum SH is generated for FH polarizations of α = 0°or 90°FH polarization angle. For wavelengths close to the magnetic resonance, the contrast becomes negative, indicating maximum SH generation for FH excitation along the GaAs crystal axis at α = 45°. The change of sign of the contrast C SH and with it the change of polarization-dependence only occurs when the MD dominates over the ED. This underpins that the polarization dependence can be reversed with respect to the unstructured bulk material and ED resonance by the use of resonances with nontrivial electric near-field profiles.
■ CONCLUSION
In summary, we investigated the spatial emission properties and the dependence on the polarization of the pump of SHG from a homogeneous Mie-resonant GaAs metasurface. We find that SHG is predominantly emitted into the first diffraction orders of the periodic array. Furthermore, we show that the type of resonance excited at the FH frequency has a strong influence on the FH polarization angle, for which the maximum SHG is observed. Most notably, we demonstrate that for resonances with a complex near-field structure, an FH polarization along the crystal axis of GaAs, for which SHG would be forbidden on an unstructured GaAs surface, can become the preferential excitation polarization direction. All these observations were verified by finding qualitative correspondence of our experimental results with numerical simulations of SHG emitted by the metasurface structure. All in all, our work provides new Figure 6 . (a, b) Numerical simulation of SH intensities depending on the input polarization of the FH excitation for (a) the ED resonance at 890 nm FH wavelength and (b) the MD resonance at 1030 nm for the zeroth diffraction order (black), first order in x-direction (red), first order in y-direction (blue), and all orders combined (green). (c) Spectral dependence of the SH contrast C SH for the overall SH intensity (green, see eq 1). The simulated linear reflection spectrum is plotted in gray for reference.
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Article insights for identifying the relevant optimization parameters for the development of efficient nonlinear metasurfaces with a pump-polarization-sensitive and directionally tailored optical response. In particular, the importance of the spatial lattice of the metasurface and of the intrinsic semiconductor crystal structure on the properties of generated nonlinear fields is demonstrated. Finally, they also shed new light on the important role the collecting optics play in nonlinear experiments with metasurfaces.
■ METHODS Sample Fabrication. The investigated sample consists of a periodic array of multilayered pillars (see Figure 2a ) fabricated as described in Reference. 12 On the GaAs substrate, a ∼300 nm thick Al 0.85 Ga 0. 15 As layer followed by a ∼300 nm thick GaAs layer is formed via molecular beam epitaxial growth. This stack is covered by a resist layer (HSQ Fox-16), which is patterned by electron-beam lithography and developed to form ∼500 nm thick SiO 2 disks which are then used as a mask for chlorinebased inductively coupled-plasma etching. Finally, a selective wet oxidation process converts the Al 0.85 Ga 0. 15 As into (Al x Ga 1−x ) 2 O 3 . Removal of the cap layer without affecting the oxide disk is difficult. However, owing to the large refractive index difference between GaAs (n = 3.5) and SiO 2 (n = 1.4), the cap does not have a detrimental effect on the metasurface resonance properties. For our sample, we furthermore obtain a GaAs pedestal originating from overetching.
The final result for our fabricated sample shows a diameter of 244 nm for both the GaAs and (Al x Ga 1−x ) 2 O 3 disks, while the height differs from 290 to 280 nm, respectively. The diameter of the pedestal decreases from the oxide cylinder to around 235 nm and increases again to the substrate with a wide diameter of around 500 nm (see Figure 2b) . Its overall height is around 290 nm. The cap is slightly bigger than the rest of the pillar with a diameter of 296 nm and a height of 470 nm.
The two in-plane crystal axes of the GaAs are rotated for 45°w ith respect to the two axes of the rectangular array of the pillars. The third crystal axis is normal to the surface. SHG Simulation. For the SHG simulation, we use an adaptive higher-order finite-element method 35 implemented in the commercial solver "JCMsuite". 36 As a source for the bulk SH calculation, we use a current density in the GaAs cylinder resulting from the nonlinear polarization according to the χ (2) -tensor (χ ijk (2) = 740 pm/V for i ≠ j ≠ k otherwise zero) 30 and the fields generated in the GaAs cylinder by the FH plane wave: 
